[1] We assessed the multidecadal effects of boreal forest fire on surface albedo using Moderate Resolution Imaging Spectroradiometer (MODIS) satellite observations within the perimeters of burn scars in interior Alaska. Fire caused albedo to increase during periods with and without snow cover. Albedo during early spring had a mean of 0.50 ± 0.03 for the first three decades after fire, substantially higher than that observed in evergreen conifer forests (0.34 ± 0.04). In older stands between 30 and 55 years, albedo showed a decreasing trend during early spring, probably from a growing spruce understory that masked surface snow and caused increases in both simple ratio (SR) and enhanced vegetation index (EVI). During summer, albedo decreased by 0.012 ± 0.005 in the year immediately after fire (from 0.112 ± 0.005 to 0.100 ± 0.010). In subsequent years, summer albedo increased rapidly at first and then more gradually, reaching a broad maximum in 20-35 year stands (0.135 ± 0.006). These measurements provide evidence for a well-developed deciduous shrub and tree phase during intermediate stages of succession. Averaged over the first 5 decades, shortwave surface forcing from fires was À6.2 W m À2 relative to an evergreen conifer control and À3.0 W m À2 relative to a control constructed from 2000 to 2003 preburn observations. These forcing estimates had a magnitude substantially smaller than previous estimates and suggest that, at a regional scale, evergreen conifer stand density may be lower than that inferred from chronosequence studies.
Introduction
[2] Over the last several centuries, the fire regime within interior Alaska has been controlled by a combination of human, climate, and ecosystem processes. Lutz [1955] provides qualitative evidence that Native Americans used fires extensively for a wide range of purposes during the 19th century, including insect control and hunting. With the discovery of gold in the Klondike in 1886, an influx of miners to the region caused even more burning, with many fires set to increase the availability of dry fuels for mining (and winter use) and to make prospecting easier [Lutz, 1955 [Lutz, , 1959 . By the middle of the 20th century, attitudes toward fire had shifted considerably, with fire suppression a high priority among land managers to preserve timber resources [Lutz, 1953; Pyne, 1982] . From the 1940s to the 1970s, burned area in interior Alaska steadily declined with decadal means of 0. 50, 0.43, 0.26, and 0.20 Mha/yr [Barney, 1971; Foote, 1983] . An improved fire control capability, including smoke jumpers that started work in 1959, has been credited for part of this downward trend [Viereck, 1973] . Low levels of burned area during the 1960s and 1970s also have been linked quantitatively with cooler and wetter conditions that were prevalent during this time [Duffy et al., 2005; Rupp et al., 2007] . More recently, burned area in North America has increased even though contributions from human-ignition have decreased [Kasischke and Turetsky, 2006] , suggesting that with contemporary management strategies [DeWilde and Chapin, 2006] , climate-linked controls on total burned area are becoming increasingly important.
[3] The large increases in northern surface air temperature expected over the next several centuries [Christensen et al., 2007] will probably increase the frequency of burning in boreal forest ecosystems [Flannigan et al., 2005] , assuming that management approaches remain the same. Driving mechanisms include a lengthening of the fire season [Westerling et al., 2006] and increasing mid-summer drought stress in conifer ecosystems [Monson et al., 2005; Welp et al., 2007] . Contemporary and future changes in burned area have important consequences for carbon fluxes [Harden et al., 2000; Kasischke et al., 2000; Amiro et al., 2001; Wirth et al., 2002] and feedbacks between boreal ecosystems and climate [Kurz et al., 1995; McGuire et al., 2006; Randerson et al., 2006] . In this context, a central and unresolved issue is how species composition changes after fire and what the consequences are of these changes for biogeochemical cycling [Van Cleve and Viereck, 1981] and surface energy exchange [Chambers and Chapin, 2002] .
[4] Postfire succession in boreal forests depends on several interactive controls including site drainage status, fire severity, seed availability, and fire interval effects [Lutz, 1955; Viereck, 1973; Foote, 1983; Viereck et al., 1983; Harper et al., 2002; Johnstone and Kasischke, 2005; Johnstone and Chapin, 2006] . In well-drained upland areas within interior Alaska, a typical white spruce (Picea glauca) successional sequence includes a tall shrub-sapling stage from 3 to 30 years, a well-defined deciduous broadleaf forest stage (aspen or paper birch) from $30-130 years, and a final white spruce stage from 130 to over 300 years [Van Cleve and Viereck, 1981; Dyrness et al., 1986] . In poorly drained areas, a typical black spruce (Picea mariana) sequence includes a tall shrub-sapling stage from 5 to 30 years followed immediately by a black spruce stage from 30 to 90 years [Van Cleve and Viereck, 1981; Dyrness et al., 1986] . Aspen can establish during intermediate stages of a black spruce successional trajectory, perhaps as a result of a severe fire exposing mineral soil [Viereck, 1983] , but most studies imply that establishment of a well-developed deciduous broadleaf forest is rare in poorly drained areas. At a regional scale, relatively little quantitative information exists about the importance of a deciduous broadleaf tree stage, and more generally, the frequency of occurrence of the different successional pathways that have been documented extensively in past work.
[5] The fire-induced changes in plant functional type described above influence surface energy exchange by several different pathways. Removal of the evergreen conifer canopy and establishment of grasses and deciduous shrubs and trees after fire causes surface broadband albedo to substantially increase during fall, winter, and spring as a result of increases in surface area of exposed snow [Liu et al., 2005; Amiro et al., 2006] . Summer albedo also increases above prefire levels because early successional plant functional types, including grasses and deciduous trees and shrubs, have leaves and branches with higher albedo than those of evergreen needleleaf trees [Betts and Ball, 1997; Roberts et al., 2004; Amiro et al., 2006; McMillan and Goulden, 2008] . Over an annual cycle, the dynamic range of albedo within boreal forest ecosystems is bounded by black carbon coatings (char) on vegetation and soil surfaces that have an albedo of 0.06 [Chambers and Chapin, 2002; Chambers et al. 2005] and snow that has an albedo between approximately 0.7 and 0.9 [Greuell and Oerlemans, 2005; Stroeve et al., 2005] .
[6] Sensible heat fluxes during summer decrease during early and intermediate stages of postfire succession. During the first decade after fire, sensible heat fluxes are low because removal of the canopy overstory reduces surface roughness [Chambers et al., 2005] . This simultaneously increases surface soil temperatures, heat fluxes into the ground, and emission of longwave radiation into the atmosphere [Liu et al., 2005] . In areas underlain by permafrost, postfire increases in ground heat fluxes cause a thickening of the active layer [Viereck, 1982] , particularly in areas where much of the soil organic matter layer was consumed. Sensible heat fluxes may remain low during intermediate stages of succession because deciduous broadleaf trees have high canopy conductance and thus dissipate more available energy in the form of latent heat than conifers [Baldocchi et al., 2000] .
[7] As a consequence of the multidecadal effects of fire on albedo and sensible heat fluxes, it is likely that current and projected increases in fire activity [Gillett et al., 2004; Flannigan et al., 2005; Kasischke and Turetsky, 2006] will have a regional cooling effect. This is broadly supported by climate modeling studies that show northern air temperatures are reduced substantially when boreal forests are replaced by grasslands [Bonan et al., 1992; Thomas and Rowntree, 1992] . Comparisons of biogeochemical versus biophysical effects of changing boreal forest cover suggest that global radiative forcing is close to zero in some parts of the boreal forest for the case of afforestation [Betts, 2000] and a changing fire regime [Randerson et al., 2006] . Given that greenhouse gas effects on climate are globally distributed, but albedo-driven effects are regionally concentrated [Ramaswamy et al., 2001] , the radiative forcing studies described above along with other recent coupled carbonclimate model simulations [Brovkin et al., 2004; Bala et al., 2007] provide additional support for the idea that an increase in boreal forest fire activity may slow climate warming in northern regions. The net effect of fire on northern climate depends critically, however, on our understanding and representation of albedo, surface energy exchange, and cloud processes in climate models.
[8] Remote sensing observations have provided substantial insight about fire-induced changes in species composition and surface biophysics. In North America, normalized difference vegetation index (NDVI), fractional absorbed photosynthetically active radiation (fAPAR), and satellitederived estimates of net primary production (NPP) recover to prefire levels after approximately 5 -10 years [Kasischke and French, 1997; Amiro et al., 2003; Hicke et al., 2003; Goetz et al., 2006] . Concurrently, year-to-year variability in NDVI increases during spring months [Goetz et al., 2006] possibly as a result of increased snow exposure and variability [Liu and Randerson, 2008] and variability in the timing of leaf out in deciduous plant functional types. McMillan and Goulden [2008] show that surface brightness and albedo during summer also increases rapidly after fire, reaching a maximum after $7-15 years and then declining exponentially to a minimum value in a 150 year black spruce stand. Trajectories of NDVI and surface albedo are likely to be regionally variable and depend on whether intermediate successional stages include a strong deciduous component [Kasischke and French, 1997] .
[9] Here we combined Moderate Resolution Imaging Spectroradiometer (MODIS) observations of broadband and narrowband albedo [Schaaf et al., 2002] with information from the Alaska Large Fire Database [Kasischke et al., 2002] to systematically evaluate changes in surface albedo after fire within interior Alaska. Our goals were to quantify how fire-induced changes in surface albedo influence the shortwave surface radiation budget at a regional scale and to improve our understanding of how plant functional types vary during postfire succession. The former provides information about potential feedbacks between a changing disturbance regime and northern climate whereas the latter is important for understanding how a changing fire regime will impact ecosystem processes.
Data and Methods
[10] To assess postfire albedo changes, we combined satellite-derived broadband and spectral (narrowband) albedo 
BRDF and Albedo Data
[11] We used level 3 Bidirectional Reflectance Distribution Function (BRDF) data (collection 4) in seven spectral bands from the MODIS sensor aboard the Terra platform to derive actual total shortwave albedo. The global BRDF/ albedo products (MOD43B1 and MOD43B3) have been operationally produced every 16 days from atmospherically corrected surface reflectance observations for each of 7 MODIS land bands at a 1 km resolution [Schaaf et al., 2002] . The retrieval algorithm models surface reflectance at different illumination and viewing angles with a semiempirical linear BRDF model [Wanner et al., 1997] . The BRDF is integrated over the reflected radiation hemisphere to yield black-sky albedo for a specific illumination direction and is integrated further over the incident radiation hemisphere to yield white-sky albedo. All sky albedo is the best representation of actual surface albedo under realistic radiation and atmospheric conditions and can be approximated as a linear combination of black sky and white sky albedos weighted by the fractions of direct and diffuse solar radiation respectively [Lewis and Barnsley, 1994] .
[12] Here we derived black sky albedo for the mean solar zenith angle during 3 hour intervals, since the MODIS black sky albedo is provided only at local solar noon [Schaaf et al., 2002] . Daily mean all sky albedo was then derived by a combination of the 3 hourly black sky albedo and white sky albedo weighted by the 3 hourly monthly mean fraction of direct and diffuse solar radiation from the World Climate Research Programme/Global Energy and Water-Cycle Experiment (WCRP/GEWEX), surface radiation budget (SRB) data set [Lewis and Barnsley, 1994; Stackhouse et al., 2000] . For the narrow-band (spectral) albedos that we report, we used white sky albedo only.
[13] The snow/ice backgrounds were flagged in the surface reflectance product [Vermote et al., 2002] . The narrowband to broadband conversion uses linear combinations of all seven bands with different weighting coefficients for snow and snow-free pixels Stroeve et al., 2005] . We used snow coefficients for all pixels from 3 December through 6 April (winter and early spring) and snow-free coefficients for all pixels from 25 May through 29 September (summer). For 7 April through 24 May and for 30 September through 2 December, coefficients were defined by the snow or snow-free condition of each pixel. Only the highest quality BRDF/albedo inversions were used in this analysis based on the quality assurance bits embedded in the MODIS BRDF/albedo product. We do not report December and January albedo observations because of limits on the availability of high quality data as a result of large solar zenith angles at high latitudes. For the annual mean shortwave surface forcing calculations we applied the mean of the first and last 16 day periods for which we did have high quality all sky albedo to December and January to obtain a full year of data.
Land Cover and Vegetation Indices
[14] The MODIS land cover product provides a global distribution of land cover types based on the International Geosphere-Biosphere Programme (IGBP) classification scheme [Friedl et al., 2002] . The MODIS land cover algorithm uses two robust supervised classification methods, a univariate decision tree and an artificial neural network. The algorithm currently exploits both spectral and temporal information from MODIS observations. Main input data include one full year of the BRDF-adjusted nadir reflectance in 7 bands and enhanced vegetation index (EVI) data at a 16 day interval as well as metrics derived from phenological patterns. A database of land cover test sites, a geographic representation of global land cover types, was established for classification training and assessment [Muchoney et al., 1999] .
[15] Within our study region, the most abundant vegetation class was open shrubland (IGBP classification number 7). This class accounted for 25% of the interior area (40% of the unburned vegetation) and probably includes taiga ecosystems with relatively low density stands of black spruce. Evergreen needleleaf forest (IGBP classification number 1) accounted for 10.6% of the interior (17% of the unburned vegetation).
[16] To explore how albedo and canopy cover were linked, we extracted EVI from the 16 day MODIS Vegetation Indexes (MODIS VI) product (MOD13A2) [Huete et al., 2002] within our study domain. EVI was specifically designed to limit soil background and atmospheric effects, thus enhancing the sensitivity of this index to changes in vegetation cover [Gao et al., 2000] . We also derived simple ratio (SR) using the red and near infrared reflectance bands embedded in the MODIS VI product.
Fire Perimeter Observations
[17] The Alaskan Forest Service maintains a GIS database [Alaska State Geospatial Data Clearinghouse, 2006] that contains burn perimeter data for fires as far back as 1950 ( Figure 1 ). Perimeters were mapped as polygons using a variety of methods including analysis of remote sensing data and helicopter and ground surveys [French et al., 1995; Kasischke et al., 2002] . The uncertainty of the actual fire location varies between ±200 m and ±500 m depending on when the perimeter was mapped and generally increases with the age of the fire [Murphy et al., 2000] . Perimeter records are missing for 14%, 57%, 12%, 8%, and 0.2% of the total area burned for the 1950s, 1960s, 1970 1950s, 1960s, , 1980s, and 1990s, respectively [Kasischke et al., 2002 . The large unmapped burned areas, particularly in the 1960s, were the result of records that were lost when they were combined to annual reports. The data set contains only fires greater than 1000 acres prior to and including 1988 and fires greater than 100 acres after 1988.
Solar Radiation
[18] We obtained monthly average 3 hourly incoming shortwave radiation data from NASA Langley Research Center [Stackhouse et al., 2000] . It was derived with the shortwave algorithm of the GEWEX-SRB Project [Pinker and Laszlo, 1992] . The data covers the time period 1983-1995 and were generated on a nested grid, with a resolution of 1°latitude globally, and a longitudinal resolution ranging from 1°in the tropics and subtropics to 120°at the poles. The climatology of direct and diffuse solar radiation was used to derive the all sky surface albedo. The ratio of indirect to direct radiation varies from 100% indirect in December and January to 54% in May.
[19] For the shortwave surface forcing calculation, we used the 1961 -1990 monthly mean observations of incoming shortwave radiation from the National Solar Radiation Data Base (NSRDB; http://rredc.nrel.gov/solar/old_data/ nsrdb/1961 -1990/). We constructed a mean time series from the six available sites in interior Alaska, including Bettles, Big Delta, Fairbanks, Gulkana, McGrath, and Talkeetna. This mean time series agreed reasonably well with measurements collected during 2002 -2004 from towers near Delta Junction [Randerson et al., 2006] (data not shown). We estimated reflected shortwave radiation at the surface by multiplying the monthly MODIS all sky albedo (described in section 2.1) by the NSRDB climatology of incoming shortwave radiation. We estimated the shortwave surface forcing as the difference between annual mean absorbed shortwave radiation for an individual age class of stands and a control. The two controls we defined and used are described in section 2.6.
Study Area and Analysis Approach
[20] We used a study area within the Alaskan interior that was identified by the Unified Ecoregions of Alaska: 2001 data set as ''Intermontane Boreal'' [Nowacki et al., 2001] and had a total area of 466,140 km 2 ( Figure 1 and Table 1 ). Only fires within this study area were analyzed. Fire perimeters accounted for approximately 5.8%, 2.1%, 2.8%, 2.9%, and 7.5% of the study area during the 1950s, 60s, 70s, 80s, and 90s, respectively. An additional 8.9% Figure 1 . This map shows the boundaries of the study area, fire locations, buffer areas around fires, roads, and unburned areas. The Alaskan intermontane boreal interior is bounded by the Alaska Range to the south and the Brooks Range to the north. A 20 km buffer on either side of major roads was imposed to avoid vegetation transitions associated with agriculture or other forms of non-fire disturbance near human settlements. Fire perimeter data are from the Alaska Fire Service [French et al., 1995; Kasischke et al., 2002] . Ecoregion and road data are from the United States Geological Survey [USGS, 1999] . (Table 1) . We imposed a two km (two pixel) buffer around burn perimeters, with one pixel inside and one pixel outside, to limit errors from inherent uncertainty in the burn perimeter vector data and from the process of conversion from vector to raster format. Areas within 20 km of major highways were excluded to limit possible land cover transitions associated with human activity. We also removed areas that were classified as water (IGBP classification number 0), permanent wetlands (11), croplands (12), urban and built up (13), cropland/natural vegetation mosaic (14), permanent snow and ice (15), and barren or sparsely vegetated (16), by the MODIS International Geosphere-Biosphere Programme (IGBP) Land Cover product [Friedl et al., 2002] . These various filters remove 35.3% from the original interior leaving 301,537 pixels remaining. Table 2 summarizes the areas removed and retained for our analysis.
[21] To avoid errors introduced from small sample size, years with less than 10 pixels (after excluding buffer pixels and imposing the other constraints described above) or less than two fires were removed prior to our analysis (Table 3) . These years included 1952, 1955, 1960 -1967, and 1978 .
Estimation of Prefire Albedo
[22] To compare different successional stages and as a standard for assessing the effect of fire on surface net shortwave radiation (shortwave surface forcing) it was necessary to estimate prefire albedo. We accomplished this using two different methods. We also defined a deciduous broadleaf forest end-member to enable comparisons with different postfire stand ages.
[23] The first estimate (hereafter referred to as the preburn control) was constructed by measuring the albedo before fires that occurred during the MODIS era; specifically fires that burned during 2001-2004 that we could sample prior to the fire event during 2000 -2003. We averaged all pixels that had not yet burned for each 16 d period to build a seasonal climatology of prefire albedo. This control has the advantage of providing an estimate of prefire albedo exactly in the areas that burned, but requires the assumption that fires prior to 2000 were distributed across the landscape with the same vegetation and topographic distributions.
[24] As a second control (hereafter referred to as the MODIS conifer control), we used the set of all pixels classified by the MODIS Land Cover IGBP system as evergreen needleleaf forest (IGBP classification number 1) that were outside of fire perimeters from the Alaska Large Fire Database (described in section 2.3). An advantage of the MODIS conifer control is that it only includes pixels dominated by evergreen needleleaf trees (probably mostly black spruce and white spruce in interior Alaska). This vegetation type covered 10.6% of interior Alaska (Table 1) and probably represents a reasonable baseline for surface shortwave forcing estimates in areas that have substantial tree cover. We defined, in parallel, a deciduous broadleaf forest end-member within the intermontane interior as the unburned area that was classified by the MODIS Land Cover IGBP system as deciduous broadleaf forest (IGBP classification number 4).
[25] Combined, these three sets of albedo provide benchmarks to assess postfire dynamics. The MODIS conifer control is probably a reasonable lower bound for prefire albedo derived from MODIS because it contains pixels dominated by dense evergreen needleleaf forests and excludes other areas such as open taiga, shrublands, and tundra that can also burn. Drawing conclusions solely from regions defined by MODIS land cover classes carries some risk because the classes themselves were defined in part by using MODIS reflectance phenologies [Friedl et al., 2002] . The preburn control is defined independently and, as shown below, typically has higher albedo values than the MODIS conifer control.
Results

Postfire Changes in Albedo
[26] The Survey Line fire burned approximately 45,000 ha from 26 June through August 2001 near the Tanana River south and west of Fairbanks and provides an example of how broadband surface albedo typically changed during the first few years after a fire (Figure 2a) . During and immediately after the fire, albedo decreased from 0.108 ± 0.001 during the 10-25 June period before the fire to a minimum of 0.070 ± 0.014 during 30 September to 15 October. With the onset of snow accumulation in the fall, albedo substantially increased above prefire levels (from $0.3 during the fall of 2000 to $0.5 during the fall of 2001). In subsequent years, during periods with snow cover, albedo remained elevated relative to prefire levels by about the same amount as during the first year. Summer albedo, in contrast, showed an increasing year-by-year trend. By 2004, mid-summer (10 June -12 August) albedo was 0.131 ± 0.005, and exceeded prefire albedo of 0.114 ± 0.006 observed during the same period in 2000. Analysis of all fires that occurred during 2000 -2004 revealed a similar pattern to that observed for the Survey Line fire, including rapid recovery of summer albedo during the first several years and sustained increases in albedo during periods with snow cover (Figure 2b) .
[27] Time series of broadband albedo from 2000 to 2004 for all retained fire perimeters from the 1950s, 1960s, 1970s, 1980s, and 1990s , along with the MODIS conifer control, are shown in Figure 3a . A mean seasonal cycle of albedo constructed from this time series is shown in Figure  3b , as a function of time since fire (or postfire stand age). Snow cover and vegetation phenology strongly modulated the annual cycle of albedo. During both early spring and summer, stands with ages between 21 and 30 years had the highest albedo, whereas the MODIS conifer control had the lowest.
[28] To examine how succession influences surface albedo, we sampled MODIS albedo from 2000 to 2004 within burn perimeters from 1950 to 2003. Postfire trajectories of albedo were constructed for early spring (Figure 4 ) and summer ( Figure 5 ) periods, before and after the transitional snowmelt period that occurred primarily between 10 April (Julian day 100) and 30 May (Julian day 150) in the intermontane boreal interior (e.g., Figure 3b ). Observations from all MODIS years were combined to form a mean seasonal cycle and averaged together for different sets of postfire stand ages. Stands between 21 to 30 years had the highest albedo during early spring and summer. The large decreases in albedo during spring in Figure 3b show that, on average across the intermontane boreal interior of Alaska, snowmelt started around day 100 (10 April) and was complete by day 150 (30 May). [29] During early spring (2 February to 6 April), broadband albedo had a mean of 0.50 ± 0.03 for the first three decades after fire (Figure 4a ). This level was substantially higher than the MODIS conifer control (0.34 ± 0.04) and slightly higher than the MODIS deciduous broadleaf forest end-member (0.46 ± 0.06). In stands older than 30 years, broadband albedo decreased and was approximately equal to the MODIS conifer control after 55 years.
[30] Near-infrared albedo (NIR albedo; 0.841 -0.876 mm) for early spring remained relatively constant for the first 46 years after fire with a mean of 0.57 ± 0.03 (Figure 4b ). This level was comparable to the MODIS deciduous broadleaf forest end-member (0.55 ± 0.05). NIR albedo decreased in stands older than 46 years but by an amount that was proportionally less than that observed for broadband albedo.
[31] A comparison of NIR and visible albedo provides evidence for an increasing role of plant canopies (and thus a decreasing role of snow) in shaping early spring albedo as a function of time since fire (Figure 4c ). During the first 15 years, narrowband albedo was highest in the blue (0.459 -0.479 mm) and lowest in the NIR. This pattern, with albedo decreasing across the visible and NIR parts of the spectrum, is consistent with the spectra obtained from snow [Painter et al., 2003] . In contrast, for stands with ages between 45 and 54 years, NIR albedo was the highest and red albedo (0.620-0.670 mm) was the lowest. Although this shift is small and is probably not statistically robust, it suggests the emergence of the red edge (a large and sharp increase in reflectance between the red and NIR at $0.7 mm) associated with the presence of chlorophyll [Tucker, 1979] . This trend is supported by the postfire trajectories of EVI and (SR) metrics derived separately from MODIS surface reflectance data (Figure 4d ).
[32] During summer, broadband albedo was lower than the MODIS conifer control during the first year after fire, with a mean of 0.100 ± 0.010 as compared with 0.112 ± 0.005 for the conifer control (Figure 5a ). In subsequent years, albedo increased, rapidly at first and then more slowly, reaching a mean of 0.135 ± 0.006 in stands 20-35 years after fire. These intermediate aged stands had a mean albedo that was equal to or exceeded the MODIS deciduous broadleaf forest end-member (which had a mean of 0.134 ± 0.007). Between 36 and 54 years after fire, albedo showed a decreasing (and variable) trend. Tower-based broadband albedo measurements within the perimeter of the Donnelly Flats fire [Liu and Randerson, 2008] show a reasonably good agreement with the MODIS estimates and provide additional support for rapid increases in albedo during the first few years after fire ( Figure 6 ).
[33] The postfire trajectory of broadband albedo during summer (Figure 5a ) had contrasting NIR (Figure 5b ) and visible (Figure 5c ) components. NIR albedo decreased substantially in the first year after fire to a minimum of 0.184 ± 0.031, and then quickly recovered reaching a maximum of 0.315 ± 0.039 at 33 years after fire. The magnitude of the NIR albedo change was substantially larger than that observed for broadband albedo. NIR albedo appeared to be primarily responsible for the initial decrease and recovery in broadband albedo during the first 35 years after fire because visible albedo was either mostly constant (green) or decreasing (red and blue) during this time (Figure 5c ). Toward the end of the time series (between 36 and 54 years), in contrast, decreases in NIR and visible albedo contributed in parallel to the observed decreases in broadband albedo.
[34] EVI and SR during summer increased rapidly during the first decade after fire and then more slowly over the following two decades (Figure 5d ). These indices remained high between 36 and 54 years even though NIR and broadband albedo decreased. This was probably caused by relatively large decreases in red reflectance during this period that offset the impacts of declining NIR reflectance.
Albedo and Elevation
[35] Within the intermontane boreal interior, burned area, fire return times, and the effect of fire on surface albedo and greater than 800 m, respectively. These estimates are similar to an earlier analysis by Kasischke et al. [2002] and are probably biased high because of missing fire perimeter records in the Alaska Large Fire Database (see section 2.3).
[36] Early spring albedo for MODIS conifer control increased with both increasing and decreasing elevation from a minimum of 0.29 for the 400 -600 m elevation class (Figure 7c ). This pattern may be linked with sparser tree cover and increased snowfall at lower elevations toward the Figure 6 . In situ measurements of broadband albedo during summer (10 June -12 August) from a tower within the perimeter of the Donnelly Flats fire [Liu and Randerson, 2008] as compared with MODIS data extracted from within the burn perimeter, after removing a one pixel buffer. The Donnelly Flats fire occurred during June of 1999. The MODIS albedo data shown here includes all quality bits. west (toward the mouth of the Yukon River) and with increasing elevation in interior areas such as the Kuskokwim Mountains and the Tanana Uplands. During the first decade after fire, early spring albedo increased substantially, with a mean increase of 0.15 relative to the conifer control (Figure 7c ). Unburned and postfire albedo differences were greatest at intermediate elevations (0.18 for 400 -600 m and 600 -800 m elevation classes). These differences were smaller below 400 m (0.16) and above 800 m (0.09).
Shortwave Surface Forcing From Fire-Induced Changes in Surface Albedo
[37] Monthly mean incoming shortwave solar radiation at the surface for the Alaskan interior varied substantially by season, from 4 W m À2 in December to 225 W m À2 in June (Figure 8a ). We estimated outgoing shortwave radiation at the surface as the product of incoming radiation and all sky broadband albedo (Figure 8b ). The seasonal maximum for outgoing shortwave radiation occurred between 7 April and 8 May for all age classes. This peak during spring occurred as a result of rapidly increasing incoming solar radiation (because of increasing day length) coupled with high albedo from the remaining snow cover. The largest value of 89 W m À2 occurred during the 7 April to 22 April period in 21-30 yr stands. These stands also have the highest outgoing flux when averaged over the full year (Figure 8b) .
[38] We estimated shortwave surface forcing as the difference between absorbed shortwave radiation for an individual age class and a control. We used the same climatology of incoming solar radiation (Figure 8a ) for all burn perimeters within the state, so that the differences across different stand age classes were due solely to changes in broadband albedo. The maximum surface forcing occurred between 7 April and 8 May for all age classes as shown by the outgoing radiation difference (Figure 8b ). When calculated using the MODIS conifer control, mean annual shortwave surface forcing was À5.2, À7.0, À8.9, À5.3, and À4.5 W m À2 for stand age classes of 1 -10, 11 -20, 21 -30, 31-40, and 41-50 years after fire, respectively (Figure 9 ). When calculated using the preburn control, surface forcing was À2.0, À3.8, À5.7, À2.1, and À1.3 W m À2 for the same set of stand age classes. Stands with ages of 21-30 years . Shortwave surface forcing from fire effects on surface albedo was calculated relative to the preburn control (upper line) and the MODIS conifer control (lower line). These estimates represent an annual mean, taking into account variability across each 16 day period (e.g., Figure  8 ) and diurnal and seasonal variability in solar zenith angle effects on all sky surface albedo (as described in sections 2.1 and 2.4).To convert these shortwave surface forcing estimates to radiative forcing (at the tropopause following the IPCC convention), the effects of clouds and aerosols on outgoing shortwave radiation must be considered (see the supporting online material of Randerson et al. [2006] ). For interior Alaska, Randerson et al. [2006] estimate that radiative forcing from albedo changes was approximately 60% of surface forcing based on calculations from a column radiation model that was calibrated using solar radiation observations from interior Alaska.
after fire had the most negative values of surface forcing as a result of high albedos during both summer and early spring.
Discussion
Implications for Postfire Succession
[39] During the first year after fire, summer broadband albedo and NIR albedo decreased substantially below prefire levels. Because narrowband visible albedo remained relatively constant or even increased, this implies largescale replacement of living vegetation with black carbon on soil surfaces and on dead spruce boles. Summer broadband and NIR albedo increased rapidly in subsequent years probably as a result of several factors, including establishment and growth of early successional grass, forb, and shrub species, degradation and loss of the black carbon coating on soil surfaces and dead spruce boles, and initial growth of early successional moss species on the soil surface (including Polytrichum spp.). The MODIS trajectory of summer broadband albedo (Figure 5a ) qualitatively agrees with measurements from Chambers and Chapin [2002] that show an initial reduction of albedo from 0.088 to 0.06 immediately after fire, followed by a rapid increase to 0.135 after 7 years.
[40] During intermediate stages of succession, MODIS observations provide evidence for a well-developed deciduous shrub and tree phase in many of the burn scars across the interior of Alaska. Stands between 20 and 35 years have a high broadband albedo during summer that is equal to or exceeds the MODIS deciduous broadleaf forest end-member ( Figure 5 ). These stands also have spectral albedo and EVI measurements during summer and early spring that are similar to those from the deciduous end-member (Figures 4  and 5 ). While it is not possible to distinguish specifically between tall shrub and deciduous tree plant functional types, the dynamic range and continuity of the measurements suggest this may be possible in the future with additional field observations. Specifically, it may be possible to use measurements of canopy cover, stand density, and height for intermediate-aged stands that have a range of tree and shrub canopy cover to develop training data sets for classification approaches that take advantage of both the spectral and phenological variations in albedo shown in Figures 3 -5 .
[41] Between 30 and 55 years, increasing EVI during early spring (Figure 4d ) is consistent with a growing spruce understory that masks snow and causes broadband albedo to decrease (Figure 4a) . A growing spruce understory during this phase is also supported by decreasing albedo during summer in all bands ( Figure 5 ). Although variable, high EVI and NIR albedo during summer in 45-50 year stands suggest deciduous trees may persist in the canopy overstory and as a result, summer albedo may more slowly converge on the conifer end-member than albedo during early spring. A synthesis of tower-based chronosequence measurements also shows diverging summer and winter trajectories of albedo after fire, and a more rapid recovery of albedo during winter to prefire levels [Amiro et al., 2006] . It is likely that deciduous trees persist in the overstory after 55 years (the time limit of our current study), but gradually decrease in density as they are replaced by conifers. Evidence for this comes from a time series of Landsat measurements in Manitoba that show a decreasing trend in brightness and summer albedo for a 1930 burn that was sampled 54 to 75 years after fire [McMillan and Goulden, 2008] .
[42] Early spring albedo also may provide insight about burn severity, a critical variable regulating fire emissions and post fire succession [Johnstone and Kasischke, 2005] that has been diagnosed in the past using summer Landsat observations [Michalek et al., 2000; Epting and Verbyla, 2005; Duffy et al., 2007] . Stands with a higher severity might be expected to have greater snow exposure after fire because of more complete consumption of the canopy overstory, fewer unburned islands, and deeper burning into the soil organic layer that would allow for the dead boles to fall over at a faster rate. In this respect, a metric based on the difference between pre and postfire broadband albedo during early spring (e.g., Figure 2 ) has potential to complement other remote sensing based approaches that have focused on summer observations, such as the normalized burn ratio derived from Landsat bands 4 and 7. With a longer time series from MODIS, it may be possible to link burn severity with different postfire trajectories of surface albedo, building on the approach described here. It is likely that even more information could be extracted from MODIS and Landsat remote sensing observations if the Alaska Large Fire Database were extended to earlier periods, even if this were for a subset of fire perimeters. A key question in this context is whether black spruce increases or decreases in density (and canopy cover) between 50 and 100 years and consequences for surface albedo and radiative forcing.
Shortwave Surface Forcing
[43] The annual mean shortwave surface forcing estimated here from MODIS over the first 5 decades after fire was À3.0 W m À2 based on the preburn control and À6.2 W m
À2
based on the MODIS conifer control. These surface forcing estimates were 27% and 55% of that estimated for an individual fire based on tower-mounted pyranometer measurements (À11.2 W m À2 from the Supporting Online Material of Randerson et al. [2006] ). It is likely that a combination of scaling and remote sensing-based factors contribute to this difference.
[44] First, the estimates presented here ( Figure 9 ) are a mean over the entire intermontane boreal interior, an area of 46.6 Mha. Within this region, not all fires occur in closedcanopy evergreen needleleaf forest stands where the effects of fire on surface albedo are likely to be largest. For example, Viereck [1973] estimated that 43% of fires in the interior of Alaska occurred in tundra and only 36% in conifer forests. Similarly, the MODIS IGBP land cover algorithm classified 25.3% of the intermontane boreal interior as open shrubland (class 7) and only 10.6% as evergreen needleleaf forest (class 1). Fire-induced changes in surface albedo and forcing are likely to be considerably smaller in tundra and open taiga areas because, in the absence of an evergreen needleleaf canopy overstory, winter albedo is not likely to change substantially after fire. Further, high surface albedo in tundra ecosystems prior to fire during summer [Chambers et al., 2005] may limit the magnitude of postfire increases that are typically observed in black spruce ecosystems [e.g., Liu and Randerson, 2008] .
Fens, bogs, and other unburned islands within burn perimeters also probably reduce the magnitude of surface forcing.
[45] Another scaling related issue has to do with the density of boreal forest stands. The MODIS mean for snow covered albedo in unburned evergreen needleleaf forests was 0.34 ± 0.04, much higher than tower-based measurements from Canadian jack pine (0.15 ± 0.05) and black spruce (0.11 ± 0.09) [Betts and Ball, 1997] and the mean of mature conifer forests across Canada and Alaska (0.21) [Amiro et al., 2006] . Some of the difference between MODIS and the tower observations may be explained if, on average, evergreen needleleaf forest stands have a lower tree density and more gaps than the sites that are typically chosen to represent these forests in tower-based chronosequence studies. A lower density of black spruce may also explain why MODIS summer albedo for the evergreen conifer class (0.112 ± 0.005; Table 1 ) is higher than $0.08 -0.09 mean that is typically reported in field studies [Chambers and Chapin, 2002; Amiro et al., 2006; McMillan and Goulden, 2008] .
[46] Many of these scaling issues also probably affect field-based estimates of fire emissions. For example, if forests on average have lower tree densities and more gaps, then aboveground fuel loads and postfire carbon accumulation rates may be lower than that inferred from chronosequence studies that draw upon measurements from higher density forests. Thus, any comparison of biogeochemical and biophysical climate forcing agents associated with a changing fire regime (e.g., greenhouse gas emissions versus surface albedo changes) requires consideration of how scaling issues simultaneously influence all of the agents.
[47] A final scale related issue has to do with uncertainties associated with the Alaska Large Fire Database. As described in section 2.3, the fire perimeter information for a number of fires from the 1950s and 1960s was lost and as a consequence these fires are not represented within the fire perimeter database. If some of these unmapped fires are included in either the evergreen conifer or preburn control areas, it would probably have the effect of reducing the magnitude of our estimates of shortwave surface forcing.
[48] A second class of reasons for the smaller forcing obtained here at a regional scale has to do with uncertainties in the satellite-derived estimates of surface albedo, especially during periods with snow cover. No single satellitederived estimate of surface albedo functions perfectly under all conditions and it is likely that high accuracy can only be obtained at a regional scale by combining multiple satellite products with high quality surface and aircraft observations. There is some empirical evidence, for example, that MODIS estimates of pure snow albedo are low by $2-7% [Greuell and Oerlemans, 2005; Stroeve et al., 2005; Salomon et al., 2006] . This type of bias would reduce the magnitude of the fire-induced changes in surface albedo during winter and spring (and consequently our estimates of shortwave surface forcing). Comparison of mid-day albedo from a tower within the perimeter of the Donnelly Flats fire [Randerson et al., 2006] with MODIS observations during early spring supports this (0.61 ± 0.13 vs 0.41 ± 0.13), but is limited by a large mismatch in spatial scale.
[49] Another issue with consequences that are challenging to quantify arises from the MODIS BRDF/albedo retrieval algorithm in densely forested areas with varying snow cover. To avoid spurious results caused by variable or intermittent snow cover during a 16 day interval (i.e., during snowmelt) the MODIS algorithm defines each 16 day interval as either snow covered or snow-free based on the snow status of the majority of overpasses [Schaaf et al., 2002] . In retrieving the BRDF, non-snow overpasses are excluded if the majority of individual overpasses are designated as snow covered (and vice-versa) . For snow covered pixels in areas with forest cover, snow-free overpasses may be removed from the BRDF inversion if they are classified as snow-free as a consequence of snow settling underneath the evergreen forest canopy. This would have the effect of causing a high bias in MODIS-retrieved surface albedo in densely forested areas (and would reduce estimates of shortwave surface forcing during early spring when this pixel is compared with postfire pixels that have a high albedo). The utilization of snow coefficients for narrowband to broadband conversion may also contribute to about 5 -10% high bias in total shortwave albedo over dense conifer forests. Another uncertainty comes from the atmospheric correction under snow conditions. A constant aerosol optical depth of 0.05 was applied to derive surface reflectance over snow [Vermote et al., 2002] . This under-corrected aerosol effect may contribute to a high bias for dark surfaces and a low bias for bright surfaces [Li and Garand, 1994] , which also reduces the magnitude of albedo change and thus the shortwave surface forcing estimates.
[50] Resolving both the scaling issues and the uncertainties associated with the satellite retrievals described above requires additional information and provides motivation for an aircraft campaign in interior Alaska or another northern region to measure components of the radiation budget. Flight transects across a range of forest stand ages (e.g., Figure 1 ) and topography during snow covered and snowfree periods would provide critical validation for albedo estimates derived from MODIS, MISR, and Landsat satellite observations. Given the large mismatch in spatial scale between the footprint of tower-mounted radiometers and the pixel size of satellite observations, aircraft measurements appear essential for advancing our understanding of the processes that regulate the albedo of snow covered forests at a regional scale.
Implications of a Changing Fire Regime
[51] Aspects of the fire cycle in boreal forests that may be sensitive to climate change include the frequency of burning in different ecosystem types, the size and number of large fire events, burn severity, and the seasonal cycle of burned area and emissions [Kasischke et al., 2002] . The elevation distribution of fires may also respond to a changing climate. Soil temperatures and permafrost development, which are controllers of succession, depend on elevation, aspect, and drainage . Poorly drained, north facing upland sites often are dominated by black spruce while dry, south facing sites contain white spruce or deciduous stands. Elevations above the alpine tree line burn infrequently. Decreases in albedo after fire are smaller for burns at higher elevations ( Figure 7 ) probably because stands are not as dense before fire.
[52] Movement of fires into higher elevations with climate change may allow spruce forests to advance upwards in elevation over the long-term. Lower albedo from an increased abundance of spruce may offset the cooling effect caused by increased fire activity and albedo at lower elevations within the interior. This change in land cover would have consequences for the surface energy balance and for feedbacks with climate [Chambers and Chapin, 2002] .
[53] The timescales of different forcing agents associated with a changing fire regime are also challenging to quantify. For example, surface albedo dynamics after fire persist for at least 4-5 decades (Figures 4 and 5 ) and probably even longer. As a result, more frequent fires would increase the abundance of young stands and raise albedo at a regional scale. Concurrently, greenhouse gas concentrations would increase, contributing to warming. Ocean and terrestrial uptake would absorb some of the CO 2 emitted by an increase in fire activity, but some would remain in the atmosphere for centuries. In contrast, black carbon deposition on the Greenland ice sheet could lead to more solar radiation absorption [Flanner et al., 2007] , with possible consequences for centennial to millennial dynamics of this ice sheet.
Conclusions
[54] We assessed the long-term effects of boreal forest fire on surface albedo using MODIS satellite observations within the perimeter of burn scars in interior Alaska. Our measurements provided evidence for a strong deciduous phase in 20-35 year stands. Evidence for a developing spruce canopy between 35 and 55 years after fire was based on decreasing trends in NIR and visible narrowband albedo during early spring and summer and increases in EVI and SR during early spring. More generally, the high quality MODIS data show that it is possible to track the legacy of fire for boreal forest ecosystem structure and composition for at least 4 -5 decades with a moderate (1 km) spatial resolution.
[55] After fire, annual outgoing shortwave radiation increased and was at a maximum in 21-30 yr stands. This had a cooling effect on climate although when quantified using the concept of shortwave surface forcing, our MODIS-based estimates had a smaller magnitude than previous estimates based on tower-mounted pyranometers [Randerson et al., 2006] . This difference may be attributed to a combination of scaling and remote sensing issues. At a regional scale, estimates of surface forcing may be smaller if (1) evergreen conifer stand density is lower than what is typically measured in tower-based chronosequence studies, (2) if fires sometimes burn into more open taiga and tundra ecosystems, and (3) if unburned islands remain within burn perimeters. A clear step forward in terms of resolving these issues and remaining uncertainties associated with the remote sensing observations would be aircraft campaigns during spring and summer that are closely coordinated with ground and satellite observations systems. More generally, this study emphasizes the importance of the biogeophysical climate impacts associated with changes in high latitude forest cover that must be taken into account when calculating the costs and benefits of boreal forest management.
